Cerebral perivascular spaces (PVS) are small physiological structures around blood vessels in the brain. MRI visible PVS are associated with ageing and cerebral small vessel disease (SVD). 7 Tesla (7T) MRI improves PVS detection. We investigated the association of age, vascular risk factors, and imaging markers of SVD with PVS counts on 7 T MRI, in 50 persons aged ! 40. The average PVS count AE SD in the right hemisphere was 17 AE 6 in the basal ganglia and 71 AE 28 in the semioval centre. We observed no relation between age or vascular risk factors and PVS counts. The presence of microbleeds was related to more PVS in the basal ganglia (standardized beta 0.32; p ¼ 0.04) and semioval centre (standardized beta 0.39; p ¼ 0.01), and white matter hyperintensity volume to more PVS in the basal ganglia (standardized beta 0.41; p ¼ 0.02). We conclude that PVS counts on 7T MRI are high and are related SVD markers, but not to age and vascular risk factors. This latter finding may indicate that due to the high sensitivity of 7T MRI, the correlation of PVS counts with age or vascular risk factors may be attenuated by the detection of ''normal'', non-pathological PVS.
Introduction
Perivascular spaces (PVS) are extensions of the extracerebral fluid space around arteries, arterioles, veins, and venules, as they course from the brain surface into and through the brain parenchyma. Physiologically, PVS are drainage conduits of interstitial fluid 1, 2 and contain leucocytes that are important in regulating immunological responses 3 . PVS are a common MRI finding 4 , and are mainly observed in the basal ganglia (BG) and the semioval centre (CSO), where they follow the course of penetrating arteries. 5 Their signal intensity is similar to cerebrospinal fluid, which means that they have a high-signal intensity on T2-and a low-signal intensity on T1weighted images and do not show diffusion restriction on diffusion weighted images (DWI). 6, 7 PVS are small, as their diameter rarely exceeds 2-3 mm. This limits their visibility on routine clinical 1.5 or 3 Tesla (1.5 or 3T) MRI sequences. Increased numbers of PVS are considered as a MRI feature of ageing and cerebral small vessel disease (SVD). 8 In this context, PVS have frequently been referred to as ''dilated'' or ''enlarged'', solely because of the fact that they became visible on MRI, or because a minimum size criterion was used (usually 1 mm). 9 However, the relation between PVS size and the severity of SVD is not well understood. According to the STandards for ReportIng Vascular changes on nEuroimaging (STRIVE) criteria, terms like ''dilated'' or ''enlarged'' should be avoided, 7 because in addition to their actual size, the visibility of PVS also depends on MRI field strength and MRI sequence characteristics. Most in vivo MRI studies that assessed PVS used semiquantitative rating scales, with two or more categories of PVS numbers, and generally did not measure PVS size or volume. Scan acquisition and rating methods vary across studies, which may explain the differences in observations across previous studies on PVS. Age, for example, was not related to PVS ratings in all studies, 10, 11 and, in some studies, age was only related to BG but not to CSO PVS, [12] [13] [14] while in other studies the opposite was found. 15, 16 Microscopically, PVS are highly prevalent throughout the healthy brain, which means that their visibility on MRI will probably increase when image resolution increases. Visualization of PVS may be improved at 7T compared with routine clinical MRI, leading to the detection of more and smaller PVS, which may benefit the study of PVS and their relation with ageing and SVD. Autopsy studies have indicated that PVS enlargement is one of the earliest microscopic features of vascular disease in subjects with dementia. 17 This indicates that not only relatively large PVS that are visible on conventional MRI but also the small PVS that can be visualized with 7T MRI could be a marker of underlying SVD.
In this study, our aim was to use state-of-the-art, high-resolution T2-weighted 7T MRI to evaluate PVS numbers in relation to age, common vascular risk factors, and imaging markers of SVD, in communitydwelling individuals.
Methods Participants
Participants were selected from two cohorts with an identical 7T protocol and otherwise largely similar work-up: The second Utrecht Diabetic Encephalopathy Study (UDES2), a study on MRI-correlates of type 2 diabetes mellitus (DM) that included patients with and controls without diabetes aged 65-80, 18 and the PREDICT-MR study, a cohort MR study of individuals attending their general practitioner, not selected for the presence of specific medical conditions. 19, 20 Both UDES2 and PREDICT-MR recruited independently living subjects from general practices in Utrecht and surrounding areas. PREDICT-MR and UDES2 were approved by the medical ethics committee of the University Medical Center Utrecht (UMCU), and all subjects gave written informed consent. The guidelines of the Declaration of Helsinki of 1975 were followed. All participants underwent a standardized evaluation, including medical history, physical (e.g., blood pressure), neurological, and neuropsychological examination. On the same day, all participants underwent 7T MRI with 1.5T MRI in the PREDICT-MR or with 3T MRI in the UDES2 study.
From the UDES2 cohort, all subjects without DM were considered eligible for inclusion in the present study. A random sample of participants with DM was added, to ensure that the prevalence of DM in our study cohort was in accordance with the prevalence of DM of 14-21% in the Dutch population aged ! 40 years. 21 For the PREDICT-MR study, 629 patients were invited to participate, of whom 125 (20%) consented to take part. Between participants and none participants, there was no difference in age (mean AE SD: 53 AE 12 versus 52 AE 16, respectively, p ¼ 0.15), gender (% males: 42% versus 36%, p ¼ 0.18), education level (median (range): 5 (3-7) versus 5 (3-7), smoking (% smokers: 18% versus 19%, p ¼ 0.92), and physical functioning (mean score AE SD: 49 AE 9 versus 49 AE 9, p ¼ 0.62) or mental functioning (mean score AE SD: 50 AE 10 versus 52 AE 9, p ¼ 0.15) assessed with the 12 Item Short Form Health Survey (SF 12). 22 Of the 125 PREDICT-MR participants, 50 underwent a 7T MRI. There were no significant differences in characteristics such as age, gender, educational level, smoking, between participants with and without a 7T MRI. All subjects from the PREDICT-MR cohort were evaluated for inclusion in the current study. Participants from both cohorts were considered eligible for the current study if they met the following criteria: (1) age 40 years or older; (2) no dementia or other known major neurological conditions; (3) no recent non-disabling stroke (<2 years) or any disabling stroke (i.e., all subjects were functionally independent and living at home); (4) the 7T MRI protocol included a T2 turbo spin-echo (TSE) sequence needed for detection of PVS.
The original UDES2 study population included 61 participants without DM. The T2-weighted TSE sequence was added to the 7T MRI protocol later in the study (February 2011), leaving 17 subjects without DM that met our criteria and had a T2-weighted TSE sequence. From the subjects with DM who also had T2weighted TSE sequence, four were randomly selected and added. From the 50 participants of the PREDICT-MR study with a 7T MRI, 47 had a T2weighted TSE and met our criteria. Five participants from UDES2 and 13 from PREDICT-MR were excluded because they had ungradeable images due to motion artefacts, leaving a total of 50 subjects that could finally be included in the current study ( Figure 1 ).
MR imaging
All subjects underwent 7T (Philips Healthcare, Cleveland, OH, USA) and 1.5 or 3T MRI scanning (Philips Medical Systems, Best, The Netherlands). The 7T MRI scanner had a volume transmit and 16 or 32channel receive head coil (Nova Medical, Wilmington, MA, USA). The 7T MRI imaging was used for assessing PVS and to detect cerebral microbleeds (CMBs). The scans obtained at the conventional 1.5T or 3T field strength were used to assess other markers of SVD (such as WMH and atrophy, as described in detail below). In brief, main 7T scan parameters were (i) a 3D T2-weighted TSE sequence with an acquired resolution of 0.7 Â 0.7 Â 0.7 mm 3 In the UDES2 study, the 3T MRI protocol included a fluid attenuation inversion recovery (FLAIR) sequence (TR/TI/TE 11000/2800/125 ms, voxel size 0.96 Â 0.95 Â 3.00 mm 3 ), a 3D T1-weighted sequence (TR/TE 7.9/4.5 ms, voxel size 1.0 Â 1.0 Â 1.0 mm 3 ) and a dual-echo T2-weighted sequence (TR/TE1/TE2 3198/ 19/140 ms, voxel size 0.96 Â 0.95 Â 3.00 mm 3 ).
In the PREDICT-MR, the 1.5T MRI protocol included a 3D FLAIR sequence (TR/TI/TE 4800/ 1600/317 ms, voxel size 1.1 Â 1.1 Â 1.1 mm 3 ), a 3D T1-weighted sequence (TR/TE 6.8/3.1 ms, voxel size 1.1 Â 1.1 Â 1.1 mm 3 ), and a dual-echo T2-weighted sequence (TR/TE1/TE2 2200/11/100 ms, voxel size 0.90 Â 1.0 Â 4.0 mm 3 ).
Assessment of PVS
PVS were assessed on two locations: at the level of the BG and in the CSO. All scans were anonymized before rating, and all ratings were performed blinded to subject characteristics. A slightly modified version of a recently published method 9 was used to select a single transverse slice at both locations, on which PVS were counted manually by two raters. In the BG, the slice that showed the anterior commissure was used. The anterior and posterior border zones of the region of interest were the anterior end of the insula and the posterior end of the thalamus, respectively. In the CSO, the slice 1 cm above the most cranial slice at which the lateral ventricles were visible was used ( Figure 2 ), and on the selected slice all PVS that were visible in the white matter were counted. PVS were assessed as follows: a localizer was placed on each hyperintensity on the selected axial slice that could correspond to a PVS based on its visual features. The location of the localizer was simultaneously displayed in sagittal and coronal direction, to appreciate the 3D shape of possible PVS. PVS were defined as hyperintense, tubular structures, and were distinguished from white matter lesions and lacunar infarcts by their vessel-like shape. No size criterion was used. If the observer identified the structure being displayed as a PVS, a marker was placed at its location on the axial slice, and the observer proceeded to the next possible PVS. Finally, the list of all markers indicating PVS was saved, and the total number of PVS was recorded. All imaging viewing and processing was performed with MeVisLab (MeVis Medical Solutions AG, Bremen, Germany). 23 All scans were analyzed by two raters (WHB and RR), and the mean score of the two raters was used. Our rating method showed good inter-rater agreement (PVS counts in the BG: intra-class correlation coefficient (ICC) 0.7, and PVS in the CSO: ICC 0.8), but was time intensive (approximately 45-60 min for one hemisphere per rater). Therefore, PVS were counted in the right hemisphere only, assuming that this unilateral count would be representative for both hemispheres. In one subject, PVS were counted in the left hemisphere because of an unexpected subclinical large vessel infarct in the right hemisphere.
Other MRI measures
Other MRI measures that were assessed were the following: WMH, brain parenchymal fraction, infarcts, and CMBs. WMH were manually delineated on the 1.5T or 3T FLAIR images. WMH volumes were calculated using MeVisLab software (MeVis Medical Solutions AG, Bremen, Germany). 23 WMH volume was expressed relative to intracranial volume as WMH% ¼ (WMH volume/intracranial volume) * 100. WMH volumes were natural log transformed because they were not normally distributed. Intracranial volume was derived from manual delineation on T2-weighted images. Total brain volumes were determined on 1.5 or 3T MRI with the Statistical Parametric Mapping software package (SPM12, www.fil.ion.ucl.ac.uk/spm), executed in Matlab (MathWorks, Natick, MA, USA) and visually checked. Total brain volume was expressed relative to the intracranial volume as brain parenchymal fraction ¼ (total brain volume/intracranial volume) * 100. Brain infarcts were rated visually on 1.5 or 3T FLAIR and T1-weighted images and classified as large vessel infarcts (>1.5 cm) or lacunar infarcts. 7 CMB rating was performed on 7T T2*-weighted images by a previously described semi-automatic method based on the radial symmetry transform (RST). 24 CMBs were divided into deep and lobar CMBs according to the microbleed anatomical rating scale (MARS) criteria. 25 The method was slightly modified by incorporating minimum intensity projection images. This improves the sensitivity and reduces the number of suspected CMB locations. 26 The RST result was then censored visually to select true CMBs. The inter-rater agreement for CMB counts was high (ICC value is 0.88). Because average and median numbers of detected CMBs per person were small, CMBs were dichotomized as present/absent.
Cardiovascular risk factors
Cardiovascular risk factors were assessed by questionnaires, a standardized interview, physical examination and laboratory testing. Risk factors included in our analyses were systolic blood pressure (mean of three measurements), current smoking, type 2 diabetes mellitus, and fasting serum total cholesterol. Participants were considered to have diabetes if they were receiving diabetes medication or if they had fasting blood glucose 7.0 mmol/L or higher. For studies, cholesterol and glucose were measured in the same laboratory at the Utrecht University Medical Center.
Statistical analysis
Linear regression was used to estimate the relation of age, cardiovascular risk factors, and imaging markers of SVD with PVS numbers. If applicable, the analyses were adjusted for age and sex (model 1). To explore the effect of other possible confounders, we additionally adjusted for systolic blood pressure, diabetes, cholesterol, current smoking, and total brain volume as a percentage of intracranial volume, lacunar infarcts, and WMH volume (% ICV) or CMBs (model 2).
To explore the validity of our cohort, we also assessed the relation of age with imaging markers of SVD using univariate linear regression (WMH volume, lacunar infarcts, CMBs, and brain parenchymal fraction). Table 1 shows the characteristics of all the participants. The mean age AE SD was 63 AE 8.5 years. The mean number AE SD of PVS was 71 AE 28 in the right CSO, and 17 AE 6 in the right BG. PVS numbers were distributed normally. There were no unexpected findings in the distribution of cardiovascular risk factors and conventional imaging markers of SVD among the different age groups. None of the subjects had a history of stroke, and 5 (10%) subjects had a history of transient ischemic attack (TIA). The mean MMSE AE SD of the whole group was 28. 
Results Participants

Relation of age and cardiovascular risk factors with PVS
Using linear regression analysis, age and cardiovascular risk factors were not significantly associated with the number of PVS in the BG or in the CSO in model 1 ( Table 2) , although in the BG, higher age tended to be associated with slightly higher PVS counts.
Relation of age and cardiovascular risk factors with conventional SVD imaging markers
Conventional SVD markers and brain parenchymal fraction in our cohort were related to age as expected. WMH volume increased (standardized beta 0.58, p < 0.001) and total brain volume decreased (standardized betaÀ0.50, p ¼ 0.001) with age. The presence of CMBs and lacunar infarcts were also related to age (standardized beta 0.34, p ¼ 0.01 and 0.35, p ¼ 0.02, respectively).
Relation between imaging markers of SVD and PVS
Forty-six subjects had 1.5 or 3T FLAIR images of sufficient quality to manually delineate WMH volume. Increasing WMH volume was related to higher PVS counts in the BG (standardized beta 0.41, p ¼ 0.02), but this relation did not reach statistical significance for PVS in the CSO (standardized beta 0.34, p ¼ 0.07) ( Table 3) .
Forty-six subjects had T2*-weighted 7T images of sufficient quality to rate CMBs. Fifteen subjects had one or more CMBs (median 1, range 1-6). Eleven subjects had strictly lobar CMBs, three subjects had lobar and deep CMBs, and one subject only had one deep CMB (Table 4 ). Because the number of persons with deep CMBs was very small, we did not stratify CMBs by location in our analysis. The presence of CMBs was significantly related to increased numbers of PVS in the BG (standardized beta 0.32, p ¼ 0.04) and in the CSO (standardized beta 0.39, p ¼ 0.01) ( Table 3) .
No association between lacunar infarcts or brain volume and PVS counts was found (Table 3 ). Next, we additionally corrected for systolic blood pressure, current smoking, diabetes mellitus, serum total cholesterol, lacunar infarcts, intracranial volume, and WMH volume (model 2, Table 5 ). After this, the association between WMH volume and PVS was no longer statistically significant. The presence of CMBs remained significantly associated with higher numbers of PVS in the CSO (standardized beta 0.56, p ¼ 0.01).
Discussion
In this 7T MRI study, PVS counts were related to other markers of SVD, but not to age or vascular risk factors. This latter finding indicates that compared with conventional MRI, the correlation between PVS counts and age or vascular risk factors at 7T may be attenuated by the detection of ''normal'', non-pathological PVS, due to the high sensitivity of the technique.
Our PVS counts were markedly higher than in previous studies using conventional MRI. Previous studies on PVS mostly employed regular field strength MRI (1.5 or 3T). These studies used semi-quantitative rating scales for PVS assessment. For example, in the 3C Dijon study, 4 PVS were rated according to a 4-level severity score, and only 5.2 % of subjects had the highest grade 4 of > 20 PVS in both hemispheres combined on the slice that contained the greatest number of PVS. In the Rotterdam Scan Study, the average PVS count in the CSO in subjects aged ! 45 was 9.8, 9 also in both hemispheres, on a slice with a similar orientation as that used in our study. Consequently, all of our study subjects would fall in the highest PVS grade according to the method from the 3C Dijon study. Moreover, our average PVS count is 14 times higher compared with the Rotterdam Scan Study. The high number of PVS that was found may be explained by the high signal-to-noise ratio (SNR) and image contrast at 7T, which allowed the use of a submillimeter voxel size. PVS generally do not exceed a diameter of 2 mm, but many PVS are around 1 mm or even smaller in diameter. 5 Therefore, using a high spatial resolution will reduce partial volume effects, and PVS may become detected that are not visible at lower field strengths using regular clinical scanning protocols. Also, a T2-weighted TSE sequence was used, which is sensitive for the detection of fluid-containing PVS at 7T. 27 An example figure of how the PVS visibility of a routine clinical 1.5T T2-weighted TSE sequence relates to the 7T T2-weighted TSE sequence that was used in the current study is provided as Supplementary material. Acquiring images with a similar SNR and resolution at lower field strengths will require more signal averaging compared with 7T, and, therefore, lead to a marked increase in scanning time. Although we did not perform a direct comparison with a similar scanning protocol at 1.5 or 3T, it seems unlikely that T2weighted TSE images with a similar SNR and resolution could be achieved within a reasonable scanning time at these field strengths. Even if other sequences or imaging approaches at lower field strengths were to be developed that could yield detailed depiction of PVS similar to our current 7T images in a reasonable scan time, one would expect that such a development would also allow improving the detectability of PVS at 7T, thereby maintaining the relative benefit of 7T MRI over the lower field strengths.
At present, it is unknown if there is a relation between the size of PVS and the severity of SVD. We deliberately decided to include PVS of all size in our analysis. We did not measure PVS size in the present study, because we have previously established that with the applied protocol at 7T reliable measurement of PVS diameters below approximately twice the image resolution (1.4 mm in our case) is not possible due to marked influence of partial volume effects on the diameter measurement. 5 Although promising results have been recently published on the semi-automated measurement PVS diameters and volume at 7T, 27 more work is needed to further improve these methods and unravel the clinical consequences of PVS diameter and volume. PVS counts were not (CSO PVS) or weakly (BG PVS) related to age and blood pressure. This is contrary to results from previous studies [11] [12] [13] [14] [15] [16] 28, 29 performed with regular field strength MRI, which have often shown associations of PVS with age or cardiovascular risk factors. Probably, the relatively large PVS on routine clinical MRI have different associations with age and cardiovascular risk factors than the small PVS on 7T. Thus besides observations that PVS are a feature of SVD, PVS are physiological structures, which are abundantly present throughout the healthy brain microscopically. 30 In this aspect, PVS differ from most other SVD imaging markers, as they are not a pathological finding per se. Probably, more physiological PVS are detected at 7T, attenuating their association with age and cardiovascular risk factors. Of note, by increasing the age contrast between groups, age effects may still be observed also on 7T MRI, as we have previously found that PVS counts in healthy volunteers were higher in those aged 51-72 compared with those aged 19-27. 5 Higher PVS counts were significantly related to the presence of CMBs and increasing WMH volume, which are well-established imaging markers of SVD. This means that with a high PVS detection sensitivity at 7T, ''pathological'' PVS are also easily detected. These findings confirm the significance of PVS as a marker of SVD. The mechanisms that lead to increased number of PVS in SVD are not well known, and in previous studies, associations with clinical determinants and imaging features of SVD also differed between BG and CSO PVS. This may reflect a different susceptibility with vascular risk factors, disease mechanisms and phenotypes, which might be due to anatomical and physiological differences between PVS in the BG and CSO, both microscopically and on in vivo MRI. 5 Several mechanisms have been proposed to be involved in the development of enlarged PVS: they have been associated with blood-brain barrier dysfunction, 31 and were found to be related to serological markers of inflammation 11, 32, 33 and inflammatory activity in patients with multiple sclerosis. 3, 34 Recently, PVS in the CSO have also been identified as a feature of cerebral amyloid angiopathy (CAA) in patients with intracerebral hemorrhage and in a cohort of patients from a memory clinic, and CMBs are a well-established imaging marker of CAA. 13, 15, 35 It has been proposed that perivascular deposition of b-amyloid may lead retrograde dilation of PVS due to blockage of interstitial fluid drainage. 13, 35 Our results provide further evidence for this hypothesis, as CMBs were strongly related to PVS in the CSO, and this association remained statistically significant after correction for age, cardiovascular risk factors, and other imaging markers of SVD. Of note, lobar CMBs may also be a marker of CAA in individuals from the general population, because CAA is a common pathology in ageing individuals, albeit with relatively less severity compared with patients with for example CAA-related hemorrhagic stroke. 36 Possibly, also in our relatively healthy senior persons both CMBs and increased visibility of PVS in the CSO are the consequence of vessel wall dysfunction due to b-amyloid accumulation that leads to hemosiderin leakage and extravasation of fluid into the perivascular space.
The strengths of this study are the use of a highresolution 7T MRI protocol for the detection of PVS and CMBs, and the careful identification of individual PVS using 3D high-resolution structural information.
To optimize the reliability of the PVS counts, all scans were analyzed by two raters. Rating PVS on these highresolution images was not only reproducible, but also time consuming. We, therefore, decided to count PVS in one hemisphere only, an approach that has also been used previously. 10, 14 Based on anatomical and physiological grounds, unilateral ratings should be representative for both hemispheres. Nevertheless, the unilateral rating could be considered a limitation of this study.
Our cohort had a substantial age range. The observation that conventional imaging markers of SVD were related to age, as expected, supports the internal and the external validity of our findings in this cohort. The persons included in this study were cognitively normal, community-dwelling persons. Although there were no differences in subject characteristics between participants and non-participants in PREDICT-MR, a selection bias in this study cohort cannot be fully excluded. Conventional imaging markers of SVD were assessed with conventional methods on 1.5 or 3T MRI, and volumetric methods were used to quantify WMH and brain volumes. The average number of PVS in the youngest age group was also high. However, with regard to the vascular risk factor profile or markers of small vessel disease on MRI, this youngest group differed from the older groups as would be expected. Nevertheless, the youngest age group was small (n ¼ 4) and age effects on PVS counts should be studied further in larger populations with a wider age range. The modest sample size and the relative large proportion of persons that were excluded due to movement artefacts are limitations of the study.
In conclusion, we found high PVS counts on 7T MRI compared with studies that used MRI at lower field strength. This increased PVS detection sensitivity of 7T MRI is due to the high SNR and image contrast, which allowed the use of a spatial resolution within the submillimeter range. PVS counts on 7T MRI were associated with CMBs and WMH, but not with age or cardiovascular risk factors. This shows that at 7T, compared with conventional MRI, the increased PVS detection sensitivity may change their associations with clinical and imaging markers of SVD. For future studies on PVS and cerebral SVD, high-resolution 7T MRI may offer a level of detail to assess PVS that was not possible before. For example, it would be possible at 7T to assess the spatial relation between lesions and PVS in detail, to evaluate PVS regionally (e.g., by assessing juxtacortical instead of global PVS), to assess PVS shape, or use contrast agents to evaluate vascular leakage or blood-brain barrier function. However, the challenge for future 7T PVS studies will be to distinguish physiology from pathology. Therefore, the added value of 7T in PVS studies will depend very much on the research question and population in which it is applied.
